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Art i f i c i a l  s a t e l l i t e s  a r e  v a l u a b l e  t o  geodesy 
a s  e l e v a t e d  beacons and,  th rough t h e i r  o r b i t  
p e r t u r b a t i o n s ,  a s  measures of. the l o n g  wave 
v a r i a t i o n s  of t h e  g r a v i t a t i o n a l  f i e l d .  ' 

The g r a v i t a t i o n a l  u s e  of s a t e l l i t e s  h a s  now 
reached about  t h e  seventh  deg ree  s p h e r i c a l  
harmonics,  comparable t o  d e t a i l  o f  about  3,000 
km i n  e x t e n t .  
been more l i m i t e d ,  b u t  now a t t a i n s  a c c u r a c i e s  
of about  - + 0.5" f o r  t h e  azimuths between t r a c k i n g  
s t a t i o n s .  

L -I &W*?..@ f l  

The geomet r i c ' u se  of  s a t e l l i t e s  h a s  

The c u r r e n t  n a t i o n a l  g e o d e t i c  s a t e l l i t e  program 
w i l l  improve the s i t u a t i o n  somewhat by p r o v i d i n g  
s a t e l l i t e s  s e p a r a t e l y  opt imized for geometr ic  
and g r a v i t a t i o n a l  purposes.  With t h e  u s e  of  
f u r t h e r  d e v i c e s  such as  d r a g - f r e e  s a t e l l i t e s ,  
d e l i b e r a t e l y  r e sonan t  o r b i t s ,  and s imul taneous  
camera d i r e c t i o n s  and ranges ,  an e v e n t u a l  

should  be  a t t a i n a b l e .  
, a c c u r a c y  on t h e  o r d e r  of a couple  of me te r s  

INTRODUCTION 

I n  t h i s  review w e  s h a l l  d i s c u s s  the  purposes  o f  s a t e l l i t e  geodesy; 

t h e  p r i n c i p l e s  of s a t e l l i t e  geodesy; t h e  r e s u l t s  which have 

a c t u a l l y  been o b t a i n e d ;  c u r r e n t l y  planned p r o j e c t s ;  and p r o s p e c t s  

f o r  t h e  f u t u r e .  
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The most i n t e r e s t i n g  u s e  o f  s a t e l l i t e s  f o r  geodesy i s  

s c i e n t i f i c ,  because t h e y  a r e  by f a r  t h e  b e s t  means of  measuring 

long  wave v a r i a t i o n s  i n  t h e  g r a v i t a t i o n a l  f i e l d  which a r e  

t h e  p r i n c i p a l  i n d i c a t o r s  of endur ing  d e p a r t u r e s  from equi l i -  
brium i n  t h e  e a r t h .  Most of t h e  e f f o r t  which h a s  been 

i n v e s t e d  i n  s a t e l l i t e  geodesy has been,  however, f o r  ve ry  

p r a c t i c a l  purposes .  These purposes  have most ly  been a s soc -  

i a t e d  w i t h  t h e  space  e f f o r t  i t s e l f :  t h e  needs #?or a c c u r a t e  

l o c a t i o n s  o f  t r a c k i n g  s t a t i o n s  and a c c u r a t e  c a l c u l a t i o n s  of 

o r b i t  and t r a j e c t o r y  p e r t u r b a t i o n s  t o  c a l i b r a t e  t r a c k i n g  and 

guidance systems;  t o  p r e d i c t  impacts  and rendez-vous; t o  

f u r n i s h  a c c u r a t e  d e f i n i t i v e  l o c a t i o n s  f o r  s a t e l l i t e - b o r n e  

geophys ica l  measurements, and photography; and t o  p r e d i c t  

s a t e l l i t e  l o c a t i o n s  f o r  nav iga t ion .  

s a t e l l i t e  geodesy i s  b e i n g  app l i ed  a s  a c o n t r o l  t o  

conven t iona l  geodesy and mapping; t o  l o c a t e  i s l a n d s  and t o  

apply  a s u p e r  c o n t r o l  t o  t h e  c o n t i n e n t a l  t r i a n g u l a t i o n  

networks.  

More s lowly and r e c e n t l y  

The g r e a t e s t  economic p o t e n t i a l  o f  s a t e l l i t e  geodesy w i l l  

be r e a l i z e d  when it is  u t i l i z e d  t o  c o n t r o l  s a t e l l i t e  photo- 

grammetry. 

t h e  world f o r  t opograph ic  mapping; s a t e l l i t e - b o r n e  photo-  

grammetry should  be capab le  o f  execu t ing  t h e  t e n  p e r c e n t  

o r  so  of  t h i s  e f f o r t  which is medium s c a l e  (on t h e  o r d e r  o f  

1:250,000) mapping. 

a r e  e v i d e n t .  

Upwards o f  $100 m i l l i o n  a y e a r  i s  s p e n t  around 

The m i l i t a r y  a p p l i c a t i o n s  o f  such systems 

PRINCIPLES OF SATELLITE GEODESY 

The most obvious g e o d e t i c  a p p l i c a t i o n  of  a s a t e l l i t e  is t h a t  

of a ve ry  h igh  beacon which can be seen  ove r  g r e a t  d i s t a n c e s ,  

such a s  a c r o s s  oceans.  

conca tena t ion  of s h o r t e r  range measurements--or a t t a i n i n g  

connec t ions  Which would be impossible  by t h e  conven t iona l  

Besides  e l i m i n a t i n g  dependence on a 
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' t e c h n i q u e s - - s a t e l l i t e s  a r e  a t t r a c t i v e  a s  a means o f  minimizing 

d i s t o r t i o n s  due t o  a tmospher ic  r e f r a c t i o n ,  which i s  t h e  

p r i n c i p a l  sou rce  o f  s y s t e m a t i c  e r r o r  i n  conven t iona l  geo- 

m e t r i c  geodesy. This minimizat ion i s  a consequence of  u s i n g  

a t a r g e t  f a r  o u t s i d e  most o f  t h e  atmosphere:  i f  r a d i o  s i g n a l s  

a r e  used ,  the  p r o p o r t i o n a t e  e f f e c t  of t r o p o s p h e r i c  r e f r a c t i o n  

i s  g r e a t l y  reduced;  i f  o p t i c a l  s i g n a l s  a r e  used ,  when t h e  

t a r g e t  i s  obse rvab le  r e f e r r e d  t o  t h e  i n e r t i a l  frame 

c o n s t i t u t e d  by t h e  s t a r s  is a l s o  a t t a i n a b l e .  F o r  r a d i o  

t r a c k i n g ,  t h e r e  i s  t h e  added compl ica t ion  o f  i o n o s p h e r i c  

r e f r a c t i o n ,  which can be removed because of i t s  f requency  

dependence. The r a d i o  systems used f o r  g e o d e t i c  purposes- -  

t h e  Navy "Trans i t "  Doppler. and the  Army "Secor'' CW r ang ing  

sys tem--opera te  on f r e q u e n c i e s  o f  l e s s  t h a n  500 Mcs, and 

hence t r a n s m i t  on m u l t i p l e  I r equenc ie s  t o  e n a b l e  removal o f  

i o n o s p h e r i c  r e f r a c t i o n .  

However, l i k e  most good t h i n g s  i n  t h e  r e a l  wor ld ,  t h e  a l t i t u d e  

and r e f r a c t i o n  advantages  of the h igh  s a t e l l i t e  c a r r y  a 

p e n a l t y ,  which i s  t h a t  a s a t e l l i t e  moves r a t h e r  q u i c k l y :  

about  1 6 , 0 0 0  m.p.h., o r  7 meters /mi l l i second.  The accuracy  

of convcri t ional  geodesy a c r o b s  corit i n e n t s  i s  about  1 i n  

3OO,OUO, so i f  s a t e l l i t e s  aiw t o  c o n s t i t u t e  a u s e l u l  improve- 

mcnt we must t h i n k  i n  terms o f  one -pa r t - in -a -mi l l i on  accuracy .  

The range of  a s a t e l l i t e  a t  obse rva t ion  be ing  around 1000 

t-v L O O U  km, t h i s  one- in-d-mi l l ion  thus  amounts t o  t i m i n g  

accui 'acy 01 about  - + . U O l  x io-' x 1.5 x 10"/7,  o r  0.2 

m i l l i s e c o n d s .  Hence obse rva t ions  must be t imed t o  t h i s  s o r t  

ol' a ccu racy ;  fu r the rmore ,  we m u s t  concern o u r s e l v e s  e i t h e r  

w i t h  c o o r d i n a t i n g  o b s e r v a t i o n s  thousands o f  miles a p a r t  t o  

t h i s  c.cicuracy, o r  w i t h  how t h e  s a t e l l i t e .  behaves i n  i t s  

o r b i t  bctwclen o b s e r v a t i o n s .  I f  we choo:-c t o  sl-t ' ive f o r  t h e  

c o o r d i n a t i o n ,  t h e  o b v i m i b  veh ic l e  i s  t h e  s a t e l l i t e  i t s e l f .  In  

t h e  c a s e  of r a d i o  t rac ,h ing  1.equiring an a c c u r a t e  o s c i l l a t o r  
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4 i n  t h e  s a t e l l i t e - - s u c h  a s  t h e  l r T r a n s i t l l  sys tem-- the  s a t e l l i t e  

does  prove t o  be an easy  way t o  c a r r y  time a c c u r a t e l y .  

t h e  c a s e  o f  r a d i o  t r a c k i n g  u s i n g  a t r a n s p o n d e r  i n t e r r o g a t a b l e  

by s e v e r a l  ground s t a t i o n s  a t  t h e  same time--such a s  t h e  lTSecorff 

sys t em- - i t  i s  convenient  t o  have s imul t aneous  o b s e r v a t i o n s  

i n i t i a t e d  by one "master" ground s t a t i o n  and the s a t e l l i t e  i n  

t u r n  t o  c a l l  t h e  o t h e r  ground s t a t i o n s  a s  l r s l a v e s r T .  I n  t h e  

c a s e  of  o p t i c a l  t r a c k i n g ,  t h e  a t t a i n m e n t  of an a c c u r a t e l y  

t i m e a b l e  a c t i v e  s i g n a l  v i s i b l e  a t  r anges  on t h e  o r d e r  o f  1500 

km by cameras o f  r e a s o n a b l e  mob i l i t y - - say  of  200 mm o r  l e s s  

a p e r t u r e - - r e q u i r e s  q u i t e  a heavy g a s  d i s c h a r g e  lamp system 

w i t h  c o n s i d e r a b l e  condensers  t o  pack enough energy  i n t o  t h e  

m i l l i s e c o n d  o r  so  f l a s h  d e s i r a b l e .  Fur thermore ,  t h e  s p a c i n g  

o f  t h e  f l a s h e s  w i l l  be l i m i t e d  by condenser recovery  

c a p a b i l i t y ;  t h e  number o f  f l a s h e s  w i l l  be l i m i t e d  by t h e  weight  

of b a t t e r i e s  and s o l a r  c e l l s ;  and t h e  a l t i t u d e  of  t h e  

s a t e l l i t e  w i l l  be l i m i t e d  by camera s e n s i t i v i t y .  

I n  

The s h o r t  d u r a t i o n  of  f l a s h e s  i n t r o d u c e s  t h e  d i f f i c u l t y  t h a t  

t h e  full e f f e c t s  o f  a tmospher ic  shimmer w i l l  b e  f e l t  i n  each  

s a t e l l i t e  image, and n o t  l a r g e l y  averaged o u t  a s  it i s  i n  

t h e  l o n g e r  exposures  f o r  s t e l l a r  images. Atmospheric shimmer 

i s  something which v a r i e s  c o n s i d e r a b l y  from p l a c e - t o - p l a c e ,  

and hence t h e r e  a r e  a v a r i e t y  o f  o p i n i o n s  a s  t o  i t s  magnitude: 

+ 0.5" t o  - + 4", roughly .  

two d i f f e r e n t  s c h o o l s  of  camera t r a c k i n g .  The ' l ac t iveTT 

s c h o o l  m a i n t a i n s  t h a t  t h e  shimmer i s  s m a l l  enough t o  make 

it wor th  t h e  expense t o  i n s t rumen t  an a c t i v e  f l a s h  s a t e l l i t e ,  

s u c h  a s  ANNA 1 B  o r  GEOS, and t h u s  o b t a i n  t h e  b e n e f i t s  o f  

r e l a t i v e l y  cheap, mobi le  cameras w i t h o u t  any t i m i n g  g e a r .  

Members of t h e  a c t i v e  s c h o o l  are  t h e  US A i r  Fo rce  and NASA 

Goddard Space F l i g h t  C e n t e r ,  bo th  o f  whom u s e  m o d i f i c a t i o n s  of 
1000 mm f o c a l  l e n g t h  f/5 a e r i a l  r econna i s sance  cameras. The 

" p a s s i v e T r  schoo l  m a i n t a i n s  t h a t  shimmer i s  l a r g e  enough t o  

There have a c c o r d i n g l y  been developed 
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make it wor th  the  expense t o  ins t rument  t r a c k i n g  cameras 

w i t h  s h u t t e r s  a c c u r a t e l y  t imed by t h e  VLF s e r v i c e ,  and t h u s  

o b t a i n  many images o f  cheap ba l loon- type  s a t e l l i t e s  such  a s  

ECHO and PAGEOS--which a r e  fur thermore  n o t  l i m i t e d  i n  a l t i t u d e  

t o  be v i s i b l e .  Members o f  the  p a s s i v e  schoo l  a r e  t h e  US 

Coast  and Geodet ic  Survey,  which u s e s  the  350 mm f o c a l  

l e n g t h  f /3  b a l l i s t i c  cameras ,  and t h e  Smithsonian I n s t i t u t i o n  

A s t r o p h y s i c a l  Observa tory ,  which u s e s  the 500 mm f o c a l  l e n g t h  

f / l  Baker-Nunn cameras. Both t h e s e  camera s c h o o l s  a r e  a l s o  

s p l i t  a n o t h e r  way: cameras which t r a c k  t o  o b t a i n  more and 

s h a r p e r  s t a r  images (NASA-GSFC and SAO); and cameras which a r e  

f i x e d ,  t o  avo id  j i t t e r  i n  t r a c k i n g  (USAF and USC&GS). 

But a l l  camera s c h o o l s  a g r e e  t h a t  it t a k e s  much more t i m e  

and p a t i e n c e  t o  o b t a i n  s imultaneous o b s e r v a t i o n s  from 

t h r e e  o r  more s t a t i o n s  than  t o  o b t a i n  non-simultaneous obse r -  

v a t  i o n s .  

The a l t e r n a t i v e  t o  t h e  a f o r e d e s c r i b e d  d i f f i c u l t i e s  i s  t o  

t r a c k  t h e  g e o d e t i c  s a t e l l i t e  whenever p o s s i b l e ,  and t o  

u t i l i z e  t h e  dynamics of  t h e  o r b i t  t o  c a r r y  p o s i t i o n  from one 

s t a t i o n  t o  a n o t h e r .  The dynamics o f  t h e  o r b i t  must be 

u t i l i z e d  i n  any c a s e  t o  o b t a i n  in fo rma t ion  about  t h e  g r a v i -  

t a t i o n a l  f i e l d  from s a t e l l i t e s .  

As presumably everyone knows by now, c l o s e  s a t e l l i t e s  r evo lve  

about  t h e  e a r t h  about  a dozen p e r i o d s  p e r  day i n  o r b i t s  which 

d i f f e r  l i t t l e  from t h e  Kepler ian  e l l i p s e ,  shown i n  F i g u r e  1. 

The p r i n c i p a l  r e s p e c t s  i n  which e a r t h  s a t e l l i t e  o r b i t s  d i f f e r  

from pure  Kepler ian  a r e  t h a t  t h e y  have nodes and p e r i g e e s  

which r evo lve  about  one c y c l e  i n  1 0 0  clays, and a c c e l e r a t i o n s  

a l o n g  t h e  o r b i t  which vary  i r r e g u l a r l y  due t o  a tmospher ic  

d r a g  and r a d i a t i o n  p r e s s u r e .  The nodal  and p e r i g e e  precess  i oris 

a r e  due t o  t h e  e a r t h ' s  o b l a t e n e s s ,  which i s  o f  t h e  o r d e r  

compared t o  t h e  c e n t r a l  term o f  t h e  g r a v i t a t i o n a l  f i e l d .  

O t h e r  v a r i a t i o n s  i n  t h e  f i e l d  a r e  l e s s  than  10'' t imes  t h e  

5 
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'I c e n t r a l  term. Hence w e  shou ld  expec t  t h a t  t h e i r  e f f e c t s  on 

t h e  o r b i t  can be c o n s i d e r e d  a s  f o r c e d  l i n e a r  o s c i l l a t i o n s  abou t  

a p r e c e s s i n g  Kep le r i an  e l l i p s e .  We shou ld  a l s o  expec t  t h a t  

t h e  most impor t an t  e f f e c t s  w i l l  b e  t h o s e  which a r e  n o t  

e x c e s s i v e l y  damped o u t  by e x t r a p o l a t i o n  t o  a l t i t u d e ,  and ,  

f u r t h e r m o r e ,  a r e  n o t  averaged  out f i r s t l y  by t h e  r e v o l u t i o n  

o f  t h e  s a t e l l i t e  i n  i t s  o r b i t  and secondly  by t h e  r o t a t i o n  

o f  t h e  e a r t h  abou t  i t s  p o l a r  a x i s .  

The c o n s i d e r a t i o n s  of  e x t r a p o l a t i o n  t o  a l t i t u d e  and t h e  

s e v e r e  a v e r a g i n g  which t a k e s  p l a c e  f o r  an  o b j e c t  t r a v e l l i n g  

a s  f a s t  a s  a s a t e l l i t e  i n  o r b i t  s u g g e s t s  t h a t  a harmonic 

r e p r e s e n t a t i o n  o f  t h e  g r a v i t a t i o n a l  f i e l d  i s  most convenient .  

S p h e r i c a l  harmonics---those which c o n s t i t u t e  an o r thogona l  

s e t  ove r  a sphe re - - a re  expressed  a s  

O s m s t ,  
where G i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ;  M is  t h e  e a r t h ' s  mass; 

a, i s  t h e  e a r t h ' s  e q u a t o r i a l  r a d i u s ;  r , - 3 , A  a r e  r a d i a l  

d i s t a n c e ,  l a t i t u d e  and l o n g i t u d e ;  and Ctm,Stm are  t h e  independ- 

e n t  c o e f f i c i e n t s  which w e  wish t o  de t e rmine .  P t m ( s i n  c p )  i s  

t h e  Legendre Assoc ia t ed  Funct ion ,  which i s  non-zero a t  t h e  

p o l e s  on ly  i f  m i s  z e r o ,  and which has  (4-m) z e r o s  a l o n g  a 

mer id i an  from p o l e  t o  p o l e .  Hence t h e  h i g h e r  t h e  v a l u e  o f  m, 

t h e  more Vtm r e p r e s e n t s  eas t -wes t  v a r i a t i o n  of' t h e  f i e l d ,  

and t h e  l e s s  it r e p r e s e n t s  no r th - sou th .  Some examples a r e  

shown i n  F i g u r e  2 .  

The equations-of-mot ion  of a s a t e l l i t e  i n  a p u r e l y  g r a v i t a t i o n a l  

f i e l d  a r e  most compactly r e p r e s e n t e d  i n  i n e r t i a l l y  f i x e d  

r e c t a n g u l a r  p o s i t i o n  x i  and v e l o c i t y  x i :  

6 



+ 

C! 
”- 



dx, /d t  = xi  
& / d t  = - GM/r2  + dK/dxi , 

i = 1, 2 ,  3 .  

where t h e  v a r i a t i o n s  R from t h e  c e n t r a l  t e rm a r e  known a s  

t h e  d i s t u r b i n g  f u n c t i o n .  

If w e  c o n s i d e r  t h e  s i x  e lements  ( a ,  e ,  I ,  M, 3, O }  (where 

i s  now t h e  mean anomaly, d i f f e r i n g  s l i g h t l y  from t h e  t r u e  

M 

anomaly f i n  F i g u r e  1) o f  a Kepler ian  e l l i p s e  which c o i n c i d e s  

i n  p o s i t i o n  x and v e l o c i t y  x w i t h  a s a t e l l i t e  a s  an  a l t e r n a t i v e  

c o o r d i n a t e  sys tem;  s u b s t i t u t e  t h e  g r a v i t a t i o n a l  term V 

i n  (1) f o r  t h e  d i s t u r b i n g  f u n c t i o n  R i n  ( 2 ) ;  and c o n v e r t  t h e  

whole b u s i n e s s  t o  Kep le r i an  e l emen t s ,  t h e  e q u a t i o n s  a t t a i n  

t h e  form f o r  any one s i  of’ t h e  e lements  

4. 5 

t,m 

d s , / d t  =I fil,mpq(a,e,I) [{ O r }  c o s  At,,,pq + (,or} S t r n  s i n  Atmpq 1 I C t m  

Stm 4m J 

( 3 )  

(4 )  

P ,q 

where A t m p q  = (4-2p) JI + (&-2p+q) M + rn ( 9  - J), 

i n  which 3 i s  t h e  Greenwich S i d e r e a l  Time. If‘ i s  

non-zero ,  under  L-he dssumption of l i n e a r i t y  ( 3 )  can be 

i n t e g r a t e d  t o  

The e f f e c t  of t h e  s a t e l l i t e  motion i s  thus  expres sed  mathe- 

m a t i c a l l y  by t h e  l a r g e  term (&-2p+q) a p p e a r i n g  i n  t h e  

denominator ,  and t h a t  nT  t h e  e a r t h ’ s  r o t a t i o n  by m (‘I - u)  . 
There  will always be terms o f  (&-2p+q) z e r o  which ave rage  

o u t  t h e  s a t e l l i t e  motion, b u t  the  e l f ec t  m e i s  in~sc1apabl.e: 

hence t e s s e r a l  harmonics ( those  f o r  which the  index m i b  n o n -  

z e r o )  w i l l  d l \ \ d y >  cause  p e r t u r b a t  i o n s  s m a l l e r  i n  amp1 i t i lde,  a n d  
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w i l l  be  c h a r a c t e r i z e d  by f r e q u e n c i e s  o f  approximate ly  m 
c y c l e s  p e r  day. 

To de termine  t h e  ampl i tude  and phase  a n g l e  o f  an o s c i l l a t i o n  

such  a s  A s i t m  of (5) r e q u i r e s  o b s e r v a t i o n s  which a r e  w e l l -  

d i s t r i b u t e d  w i t h  r e s p e c t  t o  t h e  argument (&-2p) w + m (" - 0). 

T h i s  good d i s t r i b u t i o n  r e q u i r e s  a t  l e a s t  a d i s t r i b u t i o n  o f  

t r a c k i n g  s t a t i o n s  i n  l o n g i t u d e  around t h e  world; i t  a l s o  

makes d e s i r a b l e  a t r a c k i n g  s y s t e m  which can see t h e  s a t e l l i t e  

th rough c louds  and i n  t h e  d a y l i g h t :  i . e . ,  a r a d i o  f requency  

system. The two p r i n c i p a l  t r a c k i n g  systems which have been 

used  f o r  t h i s  purpose ,  t h e  Smithsonian I n s t i t u t i o n  As t ro -  

p h y s i c a l  Observa tory ' s  Baker Nunn camera system and t h e  

US Navy's T r a n s i t  Doppler  System (developed by t h e  Applied 

Phys ic s  Labora tory  of  Johns  Hopkins U n i v e r s i t y )  have,  

r e s p e c t i v e l y ,  1 2  and 15 s t a t i o n s  a t  v a r i o u s  l o c a t i o n s  around 

t h e  wor ld ,  w i t h  no gap i n  l o n g i t u d e  more than  about  60°,  a s  

shown i n  F i g u r e  3. 

A s  might be  expec ted ,  t h e  p e r t u r b a t i o n s  A s i h  of  t h e  o r b i t  by 

the  g r a v i t a t i o n a l  v a r i a t i o n s  a r e  r a t h e r  s m a l l ,  so t h a t  i t  i s  

d e s i r a b l e  n o t  o n l y  t o  u s e  a s  a c c u r a t e  t r a c k i n g  a s  p o s s i b l e ,  

b u t  a l s o  t o  u s e  an o r b i t  which maximizes t h e  g r a v i t a t i o n a l  

e f fec ts  and minimizes  t h e  drag  e f fec ts .  The o r b i t a l  c h a r a c t e r -  

i s t i c s  which a r e  most important  a r e  t h o s e  Kepler  e lements  

which do n o t  change c o n t i n u a l l y :  t h e  semi-major a x i s ,  a ;  t h e  

e c c e n t r i c i t y ,  I ;  and t h e  e c c e n t r i c i t y  e.  These e lements  appea r  

i n  t h e  t r a n s f o r m a t i o n  o f  the  s p h e r i c a l  harmonic V h  O S  (1) 

a s  c o e f f i c i e n t s  of  t h e  s i n u s o i d a l  v a r i a t i o n s  o f  t h e  form 

where t he  p and t h e  q a r e  t h e  same q u a n t i t i e s  a s  appear  i n  

the  argument A h p q  i n  (4) .  

i s  i n c o r p o r a t e d  i n  t h e  f a c t o r  ftmpq ( a , e , I )  appea r ing  i n  

The f a c t o r  ( 6 ) ,  o r  i t s  d e r i v a t i v e ,  

8 





e q u a t i o n s  ( 3 )  and (5) .  

t h a t  w e  want a s  s m a l l  a semi-major a x i s  a a s  p o s s i b l e .  How- 

e v e r ,  we a l s o  want a h i g h  p e r i g e e  t o  avoid  d r a g  e f f e c t s  and 

t o  o b t a i n  a good d i s t r i b u t i o n  of o b s e r v a t i o n s .  S i n c e  p e r i g e e  

r a d i u s  i s  a(1-e)  , t h i s  compromise i s  most c l o s e l y  approached 

by having  a s m a l l  e c c e n t r i c i t y  e. The p e r i g e e  a l t i t u d e  

g e n e r a l l y  cons ide red  b e s t  is one a t  which t h e  d r a g  p e r t u r b a t i o n s  

a r e  somewhat s m a l l e r  t h a n  the unavoidable  r a d i a t i o n  p r e s s u r e  

e f f ec t s - -800  t o  1100 km. 

The l/aC'' f a c t o r  i n  (6 )  i n d i c a t e s  
I 

The order-of-magnitude o f  the  f u n c t i o n  Gtpq(e) i n  (6)  i s  

e I 
p r i n c i p a l  p e r t u r b a t i o n  f o r  which t h e  combinat ion ((.-2p+q) i s  

z e r o  i s  one f o r  whicli p i s  &/2 f o r  4, even and (8 + 1) /2  €or  

L odd. Furthermore,  i f  t h e r e  a r e  t w o  harmonics V t m  and Vnm 

o f  t h e  same o r d e r  rn and degrees  C,n d i f f e r i n g  by an even 

I . Hence i f  t h e  e c c e n t r i c i t y  e i s  s m a l l ,  t h e n  t h e  

- 

-...-I.-- 1 9  - \  t L r ,  vlOtlrr,- C n n  t L r , < n  l r , - J ; n m  nnnt,lnhqt;nnc 
L l U l l l U C L  \ V - I l J  9 C I I C L I  L l l C  L U L F I J  L V L  L I I L L L  r c o u l & i 6  ~ L L  C U L Y U L I V L A U  

i n  a p a r t i c u l a r  o r b i t  w i l l  be t h e  same, and t h e y  w i l l  be  

d i f f i c u l t  t o  d i s t i n g u i s h .  The on ly  way t o  r e s o l v e  t h i s  

ambigui ty  i s  t o  u s e  a v a r i e t y  of o r b i t s  such  t h a t  t h e  arnpli- 

t udes  w i l l  va ry  d i f f e r e n t l y ;  the a € o r e s t a t e d  c o n s t r a i n t s  

on semi-major a x i s  a and e c c e n t r i c i t y  e r e q u i r e  t h a t  t h i : ,  

v a r i e t y  be ob ta ined  by va ry ing  t h e  i n c l i n a t i o n  I ,  which 

a p p e a r s  th rough t h e  f u n c t i o n  Fhp (I)  . 
It will happen t h a t  t h e r e  a r e  terms V!,,, f o r  which t h e  r a t e  

i s  very  sma l l  b u t  f rom which the  motion i n  mean anomaly %lpq 
M i s  n o t  absen t - - i . e . ,  

( ~ - 2 p )  6 + (.~,-2p+q) E; + In (6 - SI a o ( 7 )  
o r ,  s i n c e  b and h a r e  ve ry  smal l  anyhow, w e  can w r i t e  

k M - m e = O  

This  p e r t u r b a t i o n  w i l l  have a n  a m p l i f i e d  e f f e c t ,  because terms 

of t h e  d i s t u r b i n g  f u n c t i o n  R which c o n t a i n  t h e  mean anomaly 
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M a f f e c t  t h e  energy o f  t h e  o r b i t ,  which i n  Kepler  e lements  

i s  r e p r e s e n t e d  by the semi-major a x i s  a .  The semi-major a x i s  

a i n  t u r n  a f f e c t s  t h e  mean motion n through K e p l e r ' s  law: 

Hence a non-zero r a t e  

i f  s i n u s o i d a l  a s  i n  (3) w i l l  have t o  be i n t e g r a t e d  twice,  

s o  t h a t  t h e  sma l l  r a t e  At,mpq i n  ( 7 )  o r  (8) appea r s  squared  

i n  t h e  denominator .  

w i l l  cause an a c c e l e r a t i o n  2 which 

F o r  t h e  i d e a l  a l t i t u d e s  of 800 t o  1200  km and sma l l  e c c e n t r i c i t y ,  

fl/; i s  about  1 3 ,  so if k is u n i t y  i n  (8) m i s  about  1 3 ,  

and t h e  p o t e n t i a l  terms w i t h  t h i s  resonat ing,  e r f e c t  a r e  

V,, , ,a;  VI,  ,la ; V,, ; e t c .  But ,  i n  f a c t  , t h e s e  r e l a t i v e ] - y  
h i g h  degree ,  s h o r t  wave harmonics a r e  t h e  t e s s e r l a l  harmonics 

which have been most a c c u r a t e l y  determined from c l o s e  

s a t e l l i t e s .  

There a r e  much more d i s t a n t  s a t e l l i t e s  f o r  which t h e  r a t i o  
k'i i s  much s m a l l e r ;  however, t h e  damping l - ac to r  l / a  2 +1 

makes much s m a l l e r  t h e  lone  i n  which t h e  r e i o n a n t  amplif 'iciat ion 

i s  p e r c e p t i b l e .  One type  of such s a t e l l i t e s  a r e  t h e  24-hour 

communications s a t e l l i  t es  SYNCOM, f o r  which M/'J i s  c l o s e  

t o  u n i t y .  

0 .  

If w e  a r e  i n t e r e s t e d  in  s t a t i o n  c o o r d i n a t e s  r a t h e r  t han  

v a r i a t i o n s  o€ t h e  g r a v i t a t i o n a l  f i e l d ,  i n  s e l e c t i n g  o r b i t a l  

c h a r a c t e r i s t i c s  t h e  r e v e r s e  c o n s i d e r a t i o n s  of s e n s i t i v i t y  to 

p e r t u r b a t i o n s  apply:  i . e . ,  we want t h e  s a t e l l i t e  t o  be  

c o n s i d e r a b l y  h i g h e r .  Height i s  a l s o  d e s i r a b l e  i f  w e  want t o  

avo id  dynamics and span oceans o r  c o n t i n e n t s  by s imul taneous  

t echn iques .  The s t r o n g e s t  geometry f o r  networks of sirnulLan- 

eous  o b s e r v a t i o n s  is t h a t  which avo ids  sma l l  a n g l e s ;  hence ,  the  

optimum a l t i t u d e  i s  one which is between 0.5 and 1 .0  times 

t h e  gap b e i n g  spanned--or 3000 t o  4000 km. S a t e l l i t e s  used 
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i n  t h e  s imul t aneous  program of  t h e  Smi thson ian ' s  Baker-Nunn 

camera system have a l t i t u d e s  i n  t h i s  r ange ,  a s  does  t h e  

b a l l o o n  s a t e l l i t e  PAGEOS which w i l l  be p u t  up f o r  t h e  USCGtGS's 

worldwide network. 

RESULTS ALREADY OBTAINED I N  SATELLITE GEODESY 

The e a r l i e s t  r e s u l t s  o b t a i n e d  were, o f  c o u r s e ,  t h o s e  dependent 

on t h e  l a r g e s t  p e r t u r b a t i o n s :  

V t o ,  f o r  which t h e  e a r t h ' s  r o t a t i o n  6 i s  a b s e n t  from t h e  

r a t e  ijmPq i n  ( 4 ) .  
o b l a t e n e s s  term J, appeared i n  1958, n o t  l o n g  a f t e r  

s a t e l l i t e s  were f i r s t  launched ,  c l o s e l y  fo l lowed by de te rmin -  

a t i o n s  o f  J, , J, , e t c . .  S ince  1958,  t h e r e  has  been a g r a d u a l  

improvement i n  d e t e r m i n a t i o n  of  z o n a l  harmonics from s a t e l l i t e s ,  

up t o  abou t  t h e  1 4 t h  deg ree .  T h i s  improvement has  been a 

consequence o f  t h e  a v a i l a b i l i t y  o f  a g r e a t e r  v a r i e t y  o f  

o r b i t a l  i n c l i n a t i o n s  and of t h e  d e c r e a s e  i n  d r a g  e f fec ts  on 

s a t e l l i t e s ,  t h e  l a t t e r  i n  t u r n  due b o t h  t o  t h e  d e c r e a s e  i n  

upper  a tmosphe r i c  d e n s i t y  w i t h  s o l a r  a c t i v i t y  and t o  t h e  
a v a i l a b i l i t y  of h i g h e r  p e r i g e e  s a t e l l i t e s .  'The princ: i p a l  

r e c e n t  s o l u t i o n s  a r e  g iven  i n  Table  1. 

t h e  e f fec ts  of  zona l  harmonics 

S e v e r a l  improved d e t e r m i n a t i o n s  of t h e  

The d e t e r m i n a t i o n  of t e s s e r a l  harmonics of the  g i > a v i t a  t i u n a l  

f i e l d  i s  g e n e r a l l y  q u i t e  a s e p a r a t e  a n a l y s i s  €rom t h e  z o n a l s  

because  t h e  p e r i o d i c i t i e s  o f  the p e r t u r b a t i o n s  used  d i f f e r  

by a € a c t o r  of  more than  f i f t y .  I n  t h e  a n a l y s i s  f o r  zonal. 

harmonics ,  Kep le r i an  e lements  averaged o v e r  a d u r a t i o n  on 
t h e  o r d e r  o f  a week can be determined from t h e  o b s e r v a t i o n s ,  

and t h e n  t h e  week-to-week v a r i a t i o n s  o f  t h e s e  e lements  can 

be examined t o  de te rmine  t h e  zonal harmonics.  I n  t h e  a n a l y s i s  

f o r  t e s s e r a l  harmonics,  t h e  p e r i o d s  of t h e  p e r t u r b a t i o n s  used  a r e  

o f t e n  n o t  much l o n g e r  t h a n  t h e  i n t e r v a l s  between t h e  obse rva -  

t i o n s .  Hence o s c u l a t i n g  elements cannot be de te rmined  f o r  

s h o r t  enough i n t e r v a l s ;  p a r t i a l  d e r i v a t i v e s  of t h e  o b s e r v a t i o n s  
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t hemse lves  w i t h  r e s p e c t  t o  t h e  t e s s e r a l  harmonic c o e f f i c i e n t s  

must be  formed. Fur thermore ,  t h e  s m a l l e r  ampl i tudes  o f  t h e  

p e r t u r b a t i o n s ,  t h e  g r e a t e r  number o f  t e r m s  o f  p e r c e p t i b l e  

e f f e c t ,  and t h e  e x i s t e n c e  o f  s t a t i o n  p o s i t i o n  e r r o r s  o f  

comparable magnitude t o  t h e  t e s s e r a l  harmonic p e r t u r b a t i o n s  

a l l  make t h e  s o l u t i o n  much more dependent on t h e  s t a t i s t i c a l  

t e c h n i q u e s ,  i m p l i c i t  a s  w e l l  a s  e x p l i c i t ,  a p p l i e d  i n  t h e  

a n a l y s i s .  Consequently s a t e l l i t e  o r b i t  a n a l y s i s  t o  de t e rmine  

t e s s e r a l  harmonics and s t a t i o n  c o o r d i n a t e s  r e q u i r e s  e l a b o r a t e  

programs on a l a r g e  s c a l e  computer, and t h u s  h a s  been done 

on ly  a t  a r e l a t i v e l y  few c e n t e r s .  The r e s u l t s  se t  f o r t h  i n  

Tab le  2 were a l l  o b t a i n e d  s i n c e  mid-1964 and a r e  a l l  a g r e a t  

improvement o v e r  e a r l i e r  r e s u l t s .  T h i s  improvement i s  p a r t l y  

because  o f  b e t t e r  t r a c k i n g  bu t  more because  t h e  b e s t  s a t e l l i t e  

o r b i t s  were n o t  a t t a i n e d  u n t i l  r e l a t i v e l y  r e c e n t l y :  f o r  

example, a s  i n d i c a t e d  by Table  3 ,  no s a t e l l i t e  i n  t h e  800- 

1200 km p e r i g e e  zone n e a r  t h e  most s e n s i t i v e  i n c l i n a t i o n ,  

90°, was launched  u n t i l  mid-1963. 

due j u s t  a s  much t o  development o f  b e t t e r  t e c h n i q u e s  of 

a n a l y s i s .  The remain ing  d i s c r e p a n c i e s  a r e  probably  due a s  much 

t o  d i f f e r e n c e s  i n  methods o f  a n a l y s i s  a s  t o  d i f f e r e n c e s  i n  

d a t a .  For  example, t h e  c o e f f i c i e n t s  of I z s a k  should  be 

expec ted  t o  be t o o  s m a l l  i n  a b s o l u t e  magnitude i n  t h e  a v e r a g e ,  

because  h e  used  an  i t e r a t i v e  t echn ique  i n  which h e  de te rmined  

c o r r e c t i o n s  t o  o r b i t a l  e lements  o f  s e v e r a l  a r c s  i n  s t a g e s  

a l t e r n a t e  t o  de t e rmin ing  c o r r e c t i o n s  t o  t h e  s t a t i o n  p o s i t i o n s  

and tessera l  harmonics.  Hence a t  any g iven  s t a g e  non-uniform 

d i s t r i b u t i o n  o f  o b s e r v a t i o n s  can cause  t h e  c o r r e c t i o n s  t o  t h e  

o r b i t a l  c o n s t a n t s  of  i n t e g r a t i o n  t o  a b s o r b  some of t h e  

c o r r e c t i o n  t o  t h e  t e s s e r a l  harmonics. Guier  and Anderle b o t h  

u t i l i z e  a p a r t i t i o n i n g  of  t h e  normal e q u a t i o n s  which e n a b l e s  

s imul t aneous  l e a s t  s q u a r e s  s o h  t i o n  i n c o r p o r a t i n g  any number 

of o r b i t s  f o r  o r b i t a l  e lements  and t h e  g e o p h y s i c a l  pa rame te r s .  

The improvement i s  p robab ly  

1 2  



Also launched i n  1963  was the  f irst  t r a n s m i t t i n g  24-hour 

s a t e l l i t e ,  SYNCOM 11, which c o n s t i t u t e s  t h e  b e s t  independent  

t e s t  o f  t h e  r e s u l t s  o b t a i n e d  from much c l o s e r  s a t e l l i t e s .  

The r e s u l t s  of t h i s  t es t  a r e  shown i n  Tab le  4. The g r a v i -  

t a t i o n a l  terms t o  which t h e  24-hour s a t e l l i t e s  a r e  most 

s e n s i t i v e  a r e  V,, and Vas. What makes SYNCOM a good tes t  

i s  t h a t  V,, i s  r e l a t i v e l y  d i f f i c u l t  t o  de te rmine  from c l o s e  

s a t e l l i t e s  of s m a l l  e c c e n t r i c i t y .  Hence t h e  good agreement 

w i th  Ander l e ' s  s o l u t i o n  shown i n  Tab le  4 b r e e d s  conf idence  

t h e r e i n  up through a t  l e a s t  t h e  4 t h  deg ree .  The s p a t i a l  

r e p r e s e n t a t i o n  o f  t h e  g r a v i t a t i o n a l  f i e l d  cus tomar i ly  employed 

is  t h e  geoid  h e i g h t :  the  l o c a t i o n  o f  t h e  e q u i p o t e n t i a l  s u r f a c e  

most n e a r l y  c o i n c i d i n g  w i t h  mean sea  l e v e l  w i t h  r e s p e c t  

t o  an e l l i p s o i d a l  r e fe rence  f i g u r e .  It  i s  c a l c u l a t e d  from 

a set  of p o t e n t i a l  terms V4,m a s  shown i n  equa t ion  (1) merely 

\i7 
by 

N = R L  Vb,  

where R i s  t h e  mean r a d i u s  o f  the e a r t h .  The geo id  i s  t h u s  

a summation of t h e  s imple  geometr ic  forms shown i n  F i g u r e  2 .  

F i g u r e  4 shows the  geoid  corresponding t o  t h e  s o l u t i o n  o f  

Anderle  i n  Table  2 .  T h i s  r e p r e s e n t a t i o n  i s  the  one which i s  

most s u g g e s t i v e  g e o p h y s i c a l l y ;  it c o r r o b o r a t e s  t h e  o l d  

obse rva t ion  of J e f f r e y s  t h a t  t h e  c o r r e l a t i o n  o f  t h e  l o n g  wave 

v a r i a t i o n s  of  t h e  g r a v i t a t i o n a l  f i e l d  w i t h  t h e  topography 

is  ve ry  low. The geoid h e i g h t  r e p r e s e n t a t i o n  a l s o  e n a b l e s  

a n o t h e r  good independent  t e s t :  t h e  ups-and-downs ove r  t h e  

c o n t i n e n t s  should  a g r e e  wi th  those c a l c u l a t e d  by a s t r o -  

geodesy: i . e . ,  t h e  i n t e g r a t i o n  ove r  t h e  s u r t a c e  o f  s l o p e s  of  

t h e  e q u i p o t e n t i a l  w i t h  r e s p e c t  t o  t h e  e l l i p s o i d  mea:,ured by 

the  " d e f l e c t  i o n s  of t h e  v e r t i c a l " :  t h e  d i s c r e p a n c i e s  between 

a s t ronomic  and g e o d e t i c  p o s i t i o n s .  The n e a r  s a t e l l i t e  

d e t e r m i n a t i o n s  s a t i s f y  t h i s  t e s t  c o n s i d e r a b l y  b e t t e r  t han  any 
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of  t h e  o l d e r  g r a v i m e t r i c  geoids .  

I n  o b t a i n i n g  t h e  by-product  t o  a n a l y s i s  f o r  t e s s e r a l  harmonics 

of  t r a c k i n g  s t a t i o n  c o o r d i n a t e  s h i f t s ,  most i n v e s t i g a t o r s  

have al lowed a l l  s t a t i o n s  t o  s h i f t  s e p a r a t e l y .  T h i s  independent  

s h i f t i n g  of  s t a t i o n s  which may be connected t o  t h e  same g e o d e t i c  

t r i a n g u l a t i o n  system i s  u n f o r t u n a t e l y  n e c e s s i t a t e d  by 

u n c e r t a i n t y  a s  t o  t h e  v a l i d i t y  of  t h e  connec t ion  i n  some 

c a s e s .  The g e o d e t i c  t r i a n g u l a t i o n  t h u s  p r o v i d e s  an independent  

check on r e l a t i v e  p o s i t i o n s  of t r a c k i n g  s t a t i o n s .  Such a 

check w i t h  T r a n s i t  Doppler  s t a t i o n s  i n  North America y i e l d s  

agreement w i t h i n  about  + 20  meters. O f  more i n t e r e s t  i s  a 

comparison of a b s o l u t e  p o s i t i o n s - - i . e . ,  c o o r d i n a t e s  w i t h  

r e s p e c t  t o  t h e  e a r t h ' s  c e n t e r  o f  mass. Tab le  5 shows such 

a comparison; it i s  expres sed  i n  te rms  of  r a d i a l ,  l o n g i t u d i n a l ,  

and l a t i t u d i n a l  s h i f t s  because  the f i r s t  two c o o r d i n a t e s  a r e  

invo lved  i n  q u e s t i o n s  of s y s t e m a t i c  e r r o r .  The r a d i a l  

c o o r d i n a t e  of p o s i t i o n  i s  dependent on t h e  d e f i n i t i o n  of  

s c a l e  a s  a p p e a r i n g  th rough  Kep le r ' s  l aw,  e q u a t i o n  ( 9 ) .  The 

l o n g i t u d i n a l  c o o r d i n a t e  o f  p o s i t i o n  i s  dependent on t h e  

d e f i n i t i o n  of  o r i e n t a t i o n  and t i m e .  The l a t i t u d i n a l  c o o r d i n a t e ,  

however, should  be f ree  o f  s y s t e m a t i c  e f f ec t s ,  and t h e  - + 1 0  

meters d i s c r e p a n c i e s  i n  Tab le  4 shou ld  be  i n d i c a t o r  o f  t h e  

a c c u r a c i e s  of  t h e  d i f f e r e n t  systems. 

Also amongst t h e  dynamical  c o n t r i b u t i o n s  of space  v e h i c l e s  

t o  geodesy should  be mentioned t h e  d e t e r m i n a t i o n  of  GM from 

t h e  l u n a r  probes  Ranger V I ,  V I I ,  and V I I I .  A d i s t a n t  o b j e c t  

i s  b e s t  f o r  such d e t e r m i n a t i o n s  mainly because o f  t h e  

r e l a t i v e l y  g r e a t  l e n g t h  which is  a c t u a l l y  measured; t h e  

accuracy  should be e s s e n t i a l l y  t h a t  o f  t h e  v e l o c i t y  of  l i g h t .  

The Ranger d e t e r m i n a t i o n s  y i e l d  a GM of  3.98601 x lo1* m3/sec, 

abou t  1 i n  400,000 lower  than  t h e  b e s t  r e s u l t s  by o t h e r  means. 

A c t u a l  r e s u l t s  a l r e a d y  ob ta ined  f o r  t h e  p u r e l y  geomet r i ca l  u s e  

of s a t e l l i t e s  f o r  geodesy a r e  more l i m i t e d ,  s ince  t h e y  a r e  
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more dependent on s a t e l l i t e s  des igned  s p e c i f i c a l l y  f o r  

geodesy, o f  which o n l y  one h a s  been launched: A N N A l B  

(1962&), which n e v e r  a t t a i n e d  i t s  f u l l  p o t e n t i a l i t y  due t o  

i n s t r u m e n t a l  ma l func t ion  and t h e  effect  on i t s  s o l a r  c e l l s  

of a r t i f i c i a l  e n e r g e t i c  p a r t i c l e s  from t h e  J u l y  9 ,  1962 b l a s t .  

The smaller cameras--the a c t i v e  t e c h n i q u e  o f  t h e  USAF u s i n g  

A N N A l B ,  t h e  p a s s i v e  t e c h n i q u e s  o f  t h e  USC&GS u s i n g  ECHO I-- 

have a t t a i n e d  - + 0.5’’ t o  1.0” agreement w i t h  g e o d e t i c  

t r i a n g u l a t i o n  for t h e  azimuth between two t r a c k i n g  s t a t i o n s  

up t o  abou t  1600 km a p a r t ,  which i s  a s  good a s  t h e  

t r i a n g u l a t i o n  i s  b e l i e v e d  t o  be. The i n t e r n a l  accu racy  o f  t h e  

USC&GS o b s e r v a t i o n s  i n d i c a t e d  by t h e  ad jus tmen t  o f  t h e  

Mississippi--Minnesota--Maryland t r i a n g l e  shown i n  F i g u r e  5 
i s  abou t  1 i n  750,000, n o t  f a r  s h o r t  o f  t h e  1 i n  a m i l l i o n  

minimum accuracy  d e s i r e d .  The l a r g e  Baker Nunn Cameras of 

t h e  SA0 u s i n g  s a t e l l i t e s  above 3000 km, such  a s  MIDAS 4 ,  
have  made more t h a n  600 s imul taneous  o b s e r v a t i o n s  f o r  14  

p a i r s  o f  s t a t i o n s  up t o  6500 km a p a r t ,  as shown i n  F i g u r e  6 .  

The accuracy  of t h e  mutua l  az imuths  i n d i c a t e d  by i n t e r n a l  

c o n s i s t e n c y  i s  about  2 0.2” t c  - + 0.7”.  

CURRENTLY PLANNED PROJECTS 

S i n c e  t h e  l a u n c h i n g  of  ANNA l B ,  r e s p o n s i b i l i t y  for g e o d e t i c  

s a t e l l i t e s  h a s  been t r a n s f e r r e d  back t o  NASA. A n a t i o n a l  

g e o d e t i c  s a t e l l i t e  program h a s  been fo rmula t ed ,  i n t e n d e d  t o  

meet t h e  needs  of a l l  i n t e r e s t e d  agenc ie s .  T h i s  i n t e n t  h a s  

r e s u l t e d  i n  e s s e n t i a l l y  two series of s a t e l l i t e s :  t h e  a c t i v e  

Beacon E x p l o r e r  and GEOS s a t e l l i t e s  w i t h  a l t i t u d e s  around 

1000 km, and t h e  p a s s i v e  PAGEOS s a t e l l i t e s  w i t h  a l t i t u d e s  

a round 4000 km. O r b i t a l  c h a r a c t e r i s t i c s  and s c h e d u l e s  of 

t h e s e  s a t e l l i t e s  a r e  summarized i n  Tab le  6. 

The Beacon E x p l o r e r  s a t e l l i t e s  a r e  d u a l  pu rpose ;  t h e y  c a r r y  

i o n o s p h e r i c  t o p - s i d e  sounding  an tennas ,  f o r  which t h e  1000 km 
a l t i t u d e  i s  a l s o  d e s i r a b l e .  The i n s t r u m e n t a t i o n  of g e o d e t i c  
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Figure 5: Simultaneous observations by the USCGx;S B a l l i s t i c  Cameras. 
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i n t e r e s t  comprises a T r a n s i t  Doppler beacon and c o r n e r  

r e f l e c t o r s  des igned  f o r  u s e  w i t h  l a s e r  s e a r c h l i g h t s .  

The GEOS s a t e l l i t e s ,  c o n s t r u c t e d  by Appl ied  P h y s i c s  Labora to ry  

o f  Johns  Hopkins U n i v e r s i t y ,  a r e  d i s t i n g u i s h e d  by c a r r y i n g  a 

xenon f l a s h  lamp system, s i m i l a r  t o  ANNA 1 B .  The p r i n c i p a l  

improvement o v e r  ANNA i s  t h e  use o f  g r a v i t y  g r a d i e n t  s t a b i l i -  

z a t i o n ,  which m a i n t a i n s  t h e  lamp a lways  i n  a downward p o i n t i n g  

o r i e n t a t i o n .  The lamps and r e f l e c t o r s  a r e  a l s o  improved 

t o  y i e l d  11 ,000  t o  48,000 candle  seconds ,  dependent on t h e  

a n g l e  from t h e  c e n t r a l  a x i s .  The power c a p a c i t y  a l l o w s  abou t  

650 f l a s h e s  p e r  day. The GEOS a l s o  c a r r i e s  a c o r n e r  r e f l e c t o r  

f o r  l a s e r  t r a c k i n g  and a v a r i e t y  o f  r a d i o  t r a c k i n g :  

T r a n s i t  Doppler beacon ( t r a n s m i t t i n g  a t  162,324 and 648 Mcs); 

t h e  Secor  r a n g i n g  t r a n s p o n d e r  (421 Mcs up;  224 & 448 Mcs 

down) and t h e  NASA--GSFC range- and r a n g e - r a t e  t r a n s p o n d e r  

(2270 Mcs up ,  1705 Mcs down). 

t h e  

A c o n s i d e r a b l e  complex o f  t r a c k i n g  sys tems w i l l  b e  o b s e r v i n g  

GEOS. The pr imary  u s e r s  of  t h e  € l a s h i n g  l i g h t  w i l l  be t h e  

mod i f i ed  1000 mm f /5  a e r i a l  cameras: t h e  PC-1000's o f  t h e  

USAF, and t h e  MOTS'  cameras of  NASA. I n  a d d i t i o n ,  it w i l l  be 

observed  by 3 0 0 m m  f/2.5 b a l l i s t i c  cameras o f  t h e  USC&GS 

and DOD; t h e  Baker Nunn cameras o f  S A 0  ( f o r  which it i s  t o o  

b r i g h t ) ;  p l u s  a number of  f o r e i g n  s t a t i o n s .  The l a s e r  

sys tems t r a c k i n g  GEOS w i l l  b e  a t  l e a s t  two, one developed 

by NASA--Goddard Space F l i g h t  Cen te r  and t h e  o t h e r  by USAF-- 

Cambridge Research L a b o r a t o r i e s .  The US Army Secor  s t a t i o n s  

w i l l  number about  t e n ,  most of them t o  be o p e r a t e d  c l o s e l y  

enough t o g e t h e r  t o  e n a b l e  f r e q u e n t  s imul t aneous  or n e a r -  

s imul t aneous  o b s e r v a t i o n s  t o  l o c a t e  i s l a n d s .  The NASA--GSFC 

range-  and r a n g e - r a t e  system comprises two f i x e d  s t a t i o n s ;  

i t s  pr imary  purpose i s  t o  t r a c k  more d i s t a n t  s a t e l l i t e s ,  and 

i t s  t r a c k i n g  of GEOS w i l l  be  p r i m a r i l y  f o r  c a l i b r a t i o n  pu rposes .  
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The PAGEOS s a t e l l i t e  w i l l  be c o n s i d e r a b l y  s i m p l e r  t h a n  GEOS; 

i n  a d d i t i o n  t o  t h e  b a l l o o n  i t s e l f ,  t h e  on ly  s i -gna l  w i l l  be 

t h a t  from a M i n i t r a c k  beacon, o p e r a t i n g  a t 1 3 6  Mcs. The 

PAGEOS i s  p r i m a r i l y  des igned  f o r  t h e  purpose  o f  o b t a i n i n g  

a world wide network o f  36 s t a t i o n s  w i t h  t h e  USC&GS b a l l i s t i c  

cameras,  a s  shown i n  F i g u r e  7. I t  i s  a l s o  t o o  b r i g h t  f o r  

t h e  SA0 Baker-Nunn cameras. 

PROSPECTS FOR THE FUTURE 

The improvement of de t e rmina t ion  o f  t h e  g r a v i t a t i o n a l  f i e l d  

depends much more on a good v a r i e t y  o f  o r b i t a l  i n c l i n a t i o n s  

t o  r e s o l v e  a m b i g u i t i e s  t h a n  on more a c c u r a t e  t r a c k i n g .  

The N a t i o n a l  Geodet ic  S a t e l l i t e  program w i l l  h e l p  improve t h i s  

v a r i e t y ,  b u t  it w i l l  s t i l l  l a c k  t h e  i n c l i n a t i o n s  which would 

do t h e  most good, 10' t o  20°. 

because  o f  t h e i r  low u t i l i t y  t o  g e o m e t r i c a l  geodesy o u t s i d e  

t h e  t r o p i c s .  I t  t h e r e f o r e  seems most a p p r o p r i a t e  t o  l aunch  

a r e l a t i v e l y  inexpens ive  Doppler-only s a t e l l i t e  i n  a n e a r  

e q u a t o r i a l  o r b i t .  

T h i s  l a c k  i s  a p p a r e n t l y  

An impor t an t  i n s t r u m e n t a l  improvement c u r r e n t l y  under  d e v e l -  

opment i s  t h e  d r a g - f r e e  s a t e l l i t e ,  which compr ises  a proof  

mass, an e x t e r n a l  s h i e l d ,  a s enso r  t o  de t e rmine  when t h e  p roof  

mass and t h e  s h i e l d  approach each o t h e r ,  and j e t s  t o  r e - c e n t e r  

t h e  s h i e l d  on t h e  proof  mass. Such a s a t e l l i t e  w i l l  f o l l o w  

a p u r e l y  g r a v i t a t i o n a l  o r b i t ,  u n d i s t u r b e d  by s u r f a c e  f o r c e  

e f fec ts .  I t  i s  d i f f i c u l t  t o  s ee  how f u r t h e r  improvement 

i n  d e t e r m i n a t i o n  o€ t h e  g r a v i t a t i o n a l  f i e l d  can be o t h e r w i s e  

o b t a i n e d  a f t e r  t h e  s o l a r  a c t i v i t y  i n c r e a s e s  a g a i n .  

Another d e v i c e  which should  be cons ide red  i s  a f a m i l y  o f  

r e sonan t  s a t e l l i t e s  s a t i s f y i n g  t h e  c o n d i t i o n  expres sed  by 

e q u a t i o n  (8) .  The p r e s e n t  mode of  g e o d e t i c  u s e  o f  s a t e l l i t e s  

i s  r a t h e r  o b t u s e ,  depending on f o r c e d  o s c i l l a t i o n s ;  no rma l ly ,  

an  in s t rumen t  i s  made much more s e n s i t i v e  t o  what i s  t o  be 

measured. 
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The wor ld  network i n  F i g u r e  7 w i l l  be l i m i t e d  i n  accu racy  

t o  t h a t  of t h e  s t a r  c a t a l o g u e s  on which t h e  camera 

o b s e r v a t i o n s  depend: 

t o  2 0.5" i n  t h e  most s o u t h e r n l y  l a t i t u d e s  i s  a n t i c i p a t e d  

f o r  t h e  AGK3 system and i t s  sou the rn  hemisphere supplement.  

Hence it i s  d e s i r a b l e  t o  improve t h e  accu racy  of  t h e  PAGEOS 

system by measur ing  r anges  t o  t h e  s a t e l l i t e  a l o n g  w i t h  t h e  

d i r e c t i o n s  o b t a i n e d  by camera. 

from - + 0.2" i n  t h e  n o r t h e r n  h e m i q h e r e  

The c u r r e n t  program p l u s  some of t h e  a f o r e - s t a t e d  improvements 

shou ld  r e s u l t  i n  a measurement o f  most of t h e  g r a v i t a t i o n a l  

i ' i e l d  through t h e  1 2 t h  deg ree  s p h e r i c a l  harmonics ,  and of  

a b s o l u t e  p o s i t i o n s  of  t r ack ing  s t a t i o n s  t o  b e t t e r  t h a n  - + 5 

meters. 
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Table 1 
GRAVITATIONAL ZONAL HARMONICS DETERMINED FROM SATELLITES 

Mul t ip ly  a l l  va lues  by a s c a l i n g  f a c t o r  o f  

Kozai King-Hele Guier & Newton Anderle  Smith 

[,,,,I r e t  a1 'I [1965] [1965] [1965] 

119651 
- 
C2 ,O -484.174 -484.172 -484.191-C -484.172 - 
C, ,O 0.963 0.967 1.019 0.984 0.923 

c4 ,o 0.550 0.507 0.507 0.567 

cs ,o 0.063 0.045 0.002 0.045 0.054 

- 
- 

- 
'13 ,O - 
c14 ,o 

-0.179 -0.158 -0.219 -0.202 

0.086 0.114 0.163 0.105 0.077 

0.065 -0.107 0.112 

0.012 -0.028 -0.048 

0.012 0.037 

-0.063 

0.071 0.044 

0.022 

-0.033 -0.035 

- 
C n - o  i s  t h e  c o e f f i c i e n t  o f  .the normalized zona l  harmonic 

- 1 2 
Pn0: [Fn0(x)] dx = 2 

-1 



. 4 

Table 2 

GRAVITATIONAL TESSERAL HARMONICS 
DETERMINED FROM SATELLITES 

M u l t i p l y  a l l  v a l u e s  by a s c a l i n g  f a c t o r  of 

t 

2 
3 
3 
3 
4 
4 
4 
4 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 

1 3  
1 5  
1 5  

I- 1 

m Anderle  1:965] - 
ch 

2 2.45 
1 2.15 
2 0.98 
3 0.58 
1 -0.49 
2 0.27 
3 1.03 
4 -0.41 
1 0.03 
2 0.64 
3 -0.39 
4 -0.55 
5 0.21 
1 -0.08 
2 0.13 
3 -0.02 
4 -0.19 
5 -0.09 
6 -0.32 
1 0.33 
2 0.35 
3 0.32 
4 -0.47 
5 0.05 
6 -0.48 
7 
1 
2 
3 
4 
5 
6 
7 
8 

13 -0.028 
13 -0.054 
14 0.009 

-1.52 
0.27 

-0.91 
1.62 

-0.57 
0.67 

-0.25 
0.34 

-0.12 
-0.33 
-0.12 

0.15 
-0.59 

0.19 
-0.46 
-0.13 
-0.32 
-0.79 
-0.36 

0.08 
-0.19 

0.04 
-0.24 

0.02 
-0.24 

0.106 
-0.051 
-0.025 

- 
C h  

2.38 
1.84 
1.22 
0.66 

-0.56 
0.42 
0.84 

-0.21 
0.14 
0.27 
0.09 

-0.49 
-0.03 

0.00 
-0.16 

0.53 
-0.31 
-0.18 

0.01 
0.13 
0.46 
0.39 

-0.14 
-0.06 
-0.45 

0.09 
-0.15 

0.09 
-0.05 
-0.07 

0.08 
-0.02 

0.17 
-0.15 

Guier & Newton r1965]  I z s a k  - L - 
S h  C t m  Stm 

-1.20 
0.21 

-0.68 
0.98 

-0.44 
0.44 
0.00 
0.19 

-0.17 
-0.34 

0.10 
-0.26 
-0.67 

0.10 
-0.16 

0.05 
-0.51 
-0.50 
-0.23 

0.09 
0.06 

-0.21 
0.00 

-0.19 
-0.75 
-0.14 
-0.05 
-0.04 

0.22 
-0.04 
-0.00 

0.67 
-0.07 

0.09 
-0.046 0.048 

2.08 -1.25 
1.60 -0.04 
0.38 -0.80 

-0.17 1.40 
-0.38 -0.40 

0.20 0.58 
0.69 -0.10 

-0.11 0.43 
-0.14 -0.04 

0.24 -0.27 
-0.67 0.05 
-0.13 0.16 

0.08 -0.41 
-0.02 0.12 

0.05 -0.23 
0.05 0.00 
0.07 -0.39 

-0.28 -0.38 
-0.12 -0.59 



Table 3 

SATELLITES USED TO DETERMINE TESSERAL HARMONICS 

S a t e l l i t e  Tracking Launch I n c l i -  Perigee-Height-  
0:Opt ica l  Date n a t i o n  Apogee 
D :Doppler km 

VANGUARD 2 

VANGUARD 3 

ECHO I ROCKET 

EXPLORER 9 

TRANSIT 4A 

MIDAS 4 

TRANSIT 4B 

ANNA 1B 

*1963-38C 

*19 63 -49B 

1959 Feb 17 

1959 Sep 18 

1960 Aug 12 

1961 Feb 16 

1961 Jun 29 

1961 O c t  22 

1961 Nov 16 

1962 Oct 31 

1963 Sep 28 

1963 Dec 5 

32 .9' 

33.3O 

47.2' 

38 .go 

66.8' 

95 .go 

32 .bo 

50.1' 

89 .9' 

90.00 

559 

512 

15 02 

634 

881 

3496 

956 

1077 

1075 

1057 

3320 

3 744 

1685 

2583 

998 

3756 

1104 

1182 

112 6 

11 09 

*(TRANSIT series s a t e l l i t e s )  
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Table  5 

DIFFERENCES OF SATELLITE FROM TERRESTRIAL 
ABSOLUTE DATUM POSITIONS 

T e r r e s t r i a l  P o s i t i o n s  by Kaula (1961) - 
Meters 

Datum Cent ro id  I z s a k  (1965) Ander le  (1965) 

NAD La t .  30' N AR -3 +6 

Long. 260' E R cos cp AI +14 -15 
R A o  +11 -6 

ED La t .  30' N A R  - 41 
Long. 46' E R cos cp A A  -69 

R A c p  +2 

TD Lat .  40' N A R  +2 0 

Long. 130' E R cos cp AI +3 4 
R A c p  -8 



Table  6 
NATIONAL GEODETIC SATELLITE PROGRAM ORBITS 

S a t e l l i t e  Launch Date I n c l i n a t i o n  Perigee-Height-Apogee 
kJTl 

Beacon E x p l o r e r  B 1964 Oct 1 0  79.7O 885 1077 
Beacon Explorer  C 1965 Apr 29 41.2O 939 1318 
GEOS-A 1965 3 r d  Qt r  5 go 1100 1500 
GEOS -B 1966 2nd-3rd Qtr 8 0' 1000 1000 

PAGEOS 1966 1s t -2nd  Qtr 9 oo 3500 45 00 



d 

COMPARISON OF EVEN ZONAL HARMONICS FROM S A T E L L I T E S  

Koza i Kinq-He le  e t  a l .  A n d e r l e  - 
c2,0 -484.174 -484.172 -484.194 
- 
‘4,O 0.550 0.507 0.507 
- 
‘6,O -0.179 -0.  158 -0.219 

‘8.0 0.065 

Scaling Fac to r :  

-0.107 
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COMPARISON OF ODD ZONAL HARMONICS FROM SATELLITES 

Koza i Kinq-Hele e t  a l .  - 
‘3,O 0.963 0.967 
- 
‘5,O 0.063 0.045 

0.086 0.114 

- 
‘ 9 , o  0.012 -0.028 
Scaling F a c t o r :  10- 6 

Newton Ander le  
1.019 0.984 

0.002 0.045 

0.163 0.105 

-0.048 

I 
1 


